ABSTRACT -Seed deterioration causes losses to seed companies during the storage. For researches, the challenge has been to develop techniques which improve the seed longevity as well as laboratory analysis methods required for evaluating the evolution of deterioration in storage. This study had the objective of determining the effectiveness of the accelerated aging test with a saturated NaCl solution and Seed Vigor Imaging System (SVIS) analysis in checking soybean seed physiological in comparison with the recommended vigor tests. Soybean seeds from the cultivars BRS 184 and M-Soy 7908 RR were used, each of them were represented by six lots and stored for six months under two environment conditions. Seed physiological quality was checked every two months in storage through germination evaluations, accelerated aging (different methods), tetrazolium test (vigor and viability) seedling emergence, and SVIS analysis. The tetrazolium test is the most advisable method for evaluating soybean seed quality during storage. The results of the saturated salt accelerated aging test with NaCl at 41 °C for 72 or 96 hours and the SVIS evaluation are also both efficient for estimating the physiological potential of seeds.
Introduction
Soybean [Glycine max (L.) Merrill] seed quality is under constant investigation to identify production problems and find the best method to evaluate seed quality Costa et al., 2005) . The tetrazolium test is a method often adopted by the soybean seed industry in Brazil to evaluate the seed quality, mainly due to its rapidity, precision, and also to identify causes of the reduction of seed physiological potential as mechanical damage, weathering damage and stinkbug injury (Moreano et al., 2011) . Also, accelerated aging (AA) is often used in quality control programs by seed companies in the world because relatively reliable information on the storage potential of processed seed lots and potential seedling http://dx.doi.org/10.1590/2317-1545v32n2935 emergence in the field can be acquired within a few days (Santos et al., 2002) .
These two tests are important to estimate the seed physiological potential and provide results which allow the seed ranking by vigor, mainly the AA which is recommended internationally and recognized by the ISTA (International Seed Test Association, 2004) to evaluate the soybean seeds. However, one important aspect of accelerated aging tests is given from the difference in water uptake of each seed within a sample seed, which may result in high variation range in moisture content when exposed to a humid atmosphere. Alternative techniques have been studied to solve this problem, such as replacing water with saturated salt solutions. With this procedure relative air humidity of approximately 87%, 76% and 55%, when KCl, NaCl and NaBr are used, may be obtained thereby decreasing the rate of moisture content uptake, speed and intensity of seed deterioration (Jianhua and McDonald, 1996) with any reduction in test sensitivity. The efficiency of this procedure has been checked not only for small seeds (Ramos et al., 2004; Torres, 2005; Fessel et al., 2005; Barbosa et al., 2012) but also for larger ones Wrasse et al., 2009; Mendonça et al., 2008) .
In addition to the accelerated aging and tetrazolium test, new techniques have been introduced by seed researchers to obtain relevant information about the physiological potential of the seeds. One recent approach is the computerized analysis of seedling images, which is one of the trends in seed technology (Matthews et al., 2012) .
The Seed Vigor Imaging System (SVIS) was developed by the Ohio State University. It was firstly used to evaluate lettuce seedling images and was later adapted by Hoffmaster et al. (2003) for the evaluation of soybean seedlings. More recently this computer methodology has been improved for the validation of image analysis software and its potential of application for briefly testing for a large number of seed species. The technique needs yet to be developed in an acceptable way to allow the application of image analysis in seed laboratories on a daily basis (Matthews et al., 2012) .
In this context, this study had the objective of determining the effectiveness of the accelerated aging test with a saturated NaCl solution and Seed Vigor Imaging System (SVIS) analysis in checking soybean seed physiological during the storage in comparison with the recommended vigor tests.
Materials and Methods
Soybean seeds from the cultivars BRS 184 and M-Soy 7908 RR were used; each cultivar was represented by six seed lots having germination percentage over the minimum standard (80%) required for trade purpose.
The seeds from each seed lot were placed in cotton bags and stored in two environments; the controlled environment, at 20 °C and 76% relative air humidity (A 1 ) and a natural, uncontrolled environment, with a daily recorded temperature and relative air humidity (A 2 ). The aim was keep the seeds in this two environment because A 1 promoted relative humidity similar at the saturated salt accelerated aging with NaCl test and A 2 is similar that one used in warehouses. The seeds lots were stored for a six-month period and the seeds were checked every two months for germination and vigor tests.
Before starting each evaluation, the seed moisture contents were standardized, since seeds were stored under different environments due to variations of both temperature and relative humidity, which could affect the test results. Thus, for each storage period, both seeds stored in a controlled environment (A 1 ) and seeds stored in an uncontrolled natural environment (A 2 ) were kept in a dry chamber (20 °C and 50% relative air humidity) for approximately 7 days before testing, monitoring of temperature and relative humidity under both environment conditions throughout the storage period was made by thermohygro-graph device. The samples collected at the beginning and after two, four and six months of storage were evaluated by the following tests:
Seed moisture content: This parameter was determined by the oven method at 105 °C for 24 hours (Brasil, 2009) in two replicates of seeds (4.5 ± 0.5 g). The results were expressed as the average percentage (wet basis) per seed lot.
Germination: The test was performed with four replicates of 50 seeds each for each lot and cultivar in moistened paper rolls with an amount of water equivalent to 2.5 times the dry substrate weight and kept at 25 °C for seven days. The evaluation was conducted according to the Rules for Seed Testing (Brasil, 2009) , and the results were expressed as percentage of normal seedlings for each lot.
First germination count: The number of normal seedlings determined at 4 days of the germination test was recorded according to the previously cited method.
Traditional accelerated aging: The seed samples were set on a single layer of aluminum screen and placed in plastic boxes (11 cm × 11 cm × 3 cm) containing 40 mL of water in the bottom, preventing the seeds from touching the water. The test was performed at 41 °C for 48 hours (Baalbaki et al., 2009 ), followed by a germination test at 25 °C in paper rolls moistened with an amount of water equivalent to 2.5 times the weight of the dry substrate. On the fourth day, the percentages of normal seedlings for each seed lot and cultivar were recorded.
Tetrazolium test: Six subsamples of fifty seeds were used for each treatment, totalizing three hundred seeds.
These seeds were initially placed in moistened paper towels for approximately sixteen hours in a germinator at 25 °C in the dark. At the end of incubation, seeds were transferred to plastic cups with a 50 mL capacity containing a solution of 2, 3, 5-triphenyltetrazolium chloride (0.075%), where they were kept for approximately 150 minutes in oven at 40 °C in the dark. After developed coloration, the seeds were washed in running water and kept under water in a refrigerator for a maximum of three hours until the evaluation time. The evaluations were performed according to the criteria described for different species by França-Neto et al. (1998) .
Emergence of seedlings in sand substrate: Four replicates of 50 seeds for each seed lot and cultivar were distributed into boxes containing sand. The water availability in the substrate was adjusted to 60% of its water capacity. On the 14 th day after sowing, the total percentage of emerged seedlings which reached at least VC stage, unifoliolate leaves unrolled in addition to cotyledons (Fehr and Caviness, 1977) , was registered. To calculate the speed emergence index, counting was performed on a daily basis according to the previously mentioned criteria; the index was calculated according to Maguire formula (1962) .
Saturated salt accelerated aging: This test was performed as before, but with the water replaced by 40 mL of a saturated NaCl solution (40 g/100 mL). This test was performed at 41 °C for 48, 72 and 96 hours. After these periods, the germination tests were performed, and the percentages of normal seedlings were recorded at 4 days after sowing.
Analysis of seedling images: To obtain seedlings for this evaluation, four replicates of 25 seeds per seed lot were set for germination at 25 °C for three days (Hoffmaster et al., 2003) . The seedlings from each replication were placed on a black pasteboard sheet (30 cm × 22 cm) and scanned by HP Scanjet 241D scanner which is operated by the Photosmart software at a resolution of 100 dpi. Digital images were analyzed with the SVIS software in accordance with Hoffmaster et al. (2003) . The parameters obtained by this program were: seedling length (SL, cm), the vigor index (VI) and seedling uniformity index (U). The experiment was conducted with a completely randomized design, and the analyses were performed for each period, cultivar and environment and, when significant, the averages were compared by the Scott-Knott test (p ≤ 0.05). The results of the tests were expressed as percentages and changed into arc sine √x/100 when they were not adequate for the statistical assumptions of the mathematical model. To determine the effectiveness of each test for a better seed physiological quality testing, a Pearson correlation was used between the seedling emergence at the end of each time of traditional accelerated aging and the vigor observed by the tetrazolium test, saturated salt accelerated aging using NaCl treatment for 48, 72 and 96 hours, the vigor index, uniformity, and seedling length.
Results and Discussion
In the controlled environment (A 1 ), the temperature was kept at 20 °C for the entire storage period, with maximum variations of 2 °C. Additionally, the relative humidity remained invariant at approximately 76%, as established. In the uncontrolled environment (A 2 ), the temperature varied between 14.2 °C and 27.9 °C, and the relative humidity varied between 58.2% and 78.3% because of weather changes. The seed lots had moisture contents between 7.6% and 8.6% prior to storage, and after storage, the seeds reached hygroscopic equilibrium once the seed moisture content in A 1 had values between 12.2% and 13.5%; this variation took place because of the opening in the storage containers. The seed moisture content in A 2 changed according to the changes in environment conditions, always remaining between 12.2% and 13.6%.
Before storage, for the seed lots of cultivar BRS 184, no significant differences were observed among the germination test results (Table 1) ; in other words, it was not possible to rank the seed lots according to this data. However, vigor test results (first germination count, accelerated aging tests, tetrazolium tests, speed emergence index, and seedling emergence) may classify these seeds by their physiological potential; in general, the results of the seeds from lot 3 for cultivar BRS 184 were inferior in all tests, except seedling emergence in sand substrate. On the other hand, the seeds from lot 2 were classified as high vigor, although there were variations in the lot classifications according to the vigor test used.
After two-months (data not shown) and four-months of storage, the conditions of both storage environments were similar and the seed moisture contents were between 12.2% and 13.5% for the controlled environment (A 1 ) and uncontrolled environment (A 2 ). For the seeds of cultivar BRS 184 (Table 2) , the storage location of the seeds (A 1 and A 2 ) influenced the result of the germination test. Whereas in A 1 , the germination percentage of the seeds remained at values higher than those established for commercial standards, in environment A 2 , a significant germination decrease occurred, mainly for seed lots 3 and 1. At the beginning of the study, the seeds from lots 3 and 1 had already been classified as low performance, as indicated by a tetrazolium test (Table 1) . In A 1 , the results of vigor tests identified lot 3 as low vigor, similarly to the initial seed lot characterization. However, the results of the traditional accelerated aging test and the first germination count were not efficient for identifying lot 1 as inferior. This trend could be observed in the seedling emergence in both environments (Table 2) . It is important to emphasize the accuracy of the tetrazolium test for evaluating vigor, as within the same environment (A 1 and A 2 ), this test correctly classified lots 2, 5 and 6 as high vigor, with similar results for seedling emergence. n.s. non-significant; * significant at 5%. Means followed by the same letter in the columns for given cultivars do not differ from each other according to the ScottKnott test at 5% probability.
For M-Soy 7908 RR, there were no significant differences in the germination test results (Table 1) . However, the vigor tests results (first germination count, accelerated aging tests, tetrazolium tests, speed emergence index, and seedling emergence) showed that only the accelerated aging tests and the seedling emergence index classified the seeds according to physiological potential (Table 1) , ranking lots 8, 11 and 12 as the ones with lower vigor; seeds from lots 7, 9 and 10 were classified as high vigor.
For seeds from cultivar M-Soy 7908 RR (A 1 ), the seeds from lots 8, 11 and 12 had significantly decreased germination after 4 months ( Table 2 ). The results of the accelerated aging test and the seedling emergence index had already displayed this difference in seed quality (Table 1) ; seeds from lot 11 were classified as low vigor in A 1 ( Table 2 ). The results of the vigor tests, which differed from what was observed in the characterization of the seed lots (Table 1) , were efficient for classifying the seeds by physiological potential. By this result it is inferred that when seed deterioration was present, it was possible to check quality variation. It was thus observed that in both environments A 1 and A 2 , the seeds from lots 7 and 9 showed a higher physiological potential, as indicated by the results from the standard tests, even though the emergence of seedlings in sand substrate results did not support that idea.
With the correlation results (Table 3 ) was possible to infer that for cultivar BRS 184 had higher values, possibly because of the lower physiological potential of the seed lots compared to M-Soy 7908 RR. It was clear that the vigor noted with the tetrazolium test was the result that correlated the most with the emergence of seedlings, with a value for both cultivars of 0.873 against 0.702 of the traditional accelerated aging. Regarding the study of seed vigor, the accelerated aging and tetrazolium tests stand out among the others because they generally present a correlation with emergence of seedlings in field, as reported by França-Neto et al. (2003) . Torres et al. (2004) showed that accelerated aging tests and field seedling emergence were significant with correlation coefficients between 0.50 and 0.83 for seedling emergence. In this study, the correlation data between accelerated aging tests and seedling emergence changed from 0.59 to 0.84 , and these data confirmed the results previously reported (Tables 1 and 2 ). In this study, the traditional accelerated aging test was proved to be efficient for identifying seed lots of low physiological potential, even in presence of high values of germination percentage, as occurred in seeds from cultivar M-Soy 7908 RR (Table 1) .
The decreased number of normal seedlings observed after the traditional accelerated aging test is explained by seed exposure to high temperature and relative humidity conditions, which cause metabolic changes with respect to the rate of respiration and the inefficiency of free radicalscavenging enzymes (Tian et al., 2008) . In addition, the seeds under artificial aging are subjected to anatomical modification in the hypodermic layer of the testa and to a collapse of the hypodermic cells, which is associated with a loss of germination capacity (Silva et al., 2008) . n.s. non-significant; * significant at 5%. Means followed by the same letter in the column for each cultivar do not differ from each other as indicated by the Scott-Knott test at 5% probability. Additionally, our data confirm the correlation between the seed vigor results as evaluated by the tetrazolium test and seedling emergence in sand substrate. Schuab et al. (2006) observed that vigor, as evaluated by the tetrazolium test, had a correlation of 0.66 with the emergence of in their studies on the physiological potential of seeds. In the present study, the observed values varied between 0.74 and 0.91, with values significant at 1% probability (Table 3) .
The other complementary tests (saturated accelerated aging with NaCl solution and SVIS) were applied to evaluate ** correlation significant at 1%. the seed quality of cultivar BRS 184 and with the exception of the uniformity and seedling length; these tests were also efficient for classifying seed vigor (Table 4 ). The saturated salt accelerated aging with NaCl for 72 and 96 hours and the vigor index (VI) were efficient for evaluating seed physiological potential once the lowest performance seed lot (lot 3) was identified. However, even though identifying seeds from lot 3 as having low performance, the saturated salt accelerated aging with NaCl for 48 hours was considered not efficient since it was unable to classify seeds from the lot 2 as having high performance. In environment A 1 (Table 5) , in general the results may classify seed lot 5 as the one with the highest physiological potential; the seed lots 3 and 1 were classified as low vigor. In environment A 2 (Table 5) , which was less favorable for seed longevity, the rank based on physiological potential lot were varied. Nevertheless, seed lots 2 and 6 were highlighted as the best performers by accelerated aging with saturated NaCl solution for 72 hours, lot 6 by the accelerated aging with saturated NaCl for 96 hours, and lot 4 by the vigor index and the seedling length, both of which were obtained with the SVIS software. Seed lots 2, 4 and 6 had already been identified as the lots with the highest physiological potential by the tetrazolium test, which reveals the comparative efficiency of these tests (Table 1) . n.s. non-significant; * significant at 5%. Means followed by the same letter in the columns for each cultivar do not differ from each other according to the ScottKnott test at 5% probability.
For cultivar M-Soy 7908 RR, only the uniformity and seedling length results evaluated by SVIS highlighted the physiological potential differences between soybean seeds (Table 4) . However, the seeds from lot 7 were not classified as higher vigor following the results of the typically emphasized tests (Table 1 ). The seedling length results were similar to the ones from the accelerated aging test and the seedling emergence index, highlighting a lower physiological potential in seeds from lots 8, 11 and 12. In both storage environments (Table 5) , the results from the tests showing the use of saturated salt accelerated aging with NaCl for 72 hours indicated that the best seed performances were in lots 7 and 9 (Table 5 ). The vigor index obtained with SVIS was also efficient in identifying the lots with higher physiological potential. For A 2 it was observed the saturated salt accelerated aging with NaCl for 96 hours indicated lots 7, 9 and 10 with high vigor seeds, as identified previously. Also, the saturated salt accelerated aging with NaCl for 72 hours and seedling length identified the seed lots with high performance.
For the complementary tests proposed in this study, the germination data obtained from saturated salt accelerated aging test with NaCl solution and parameters of vigor index and seedling length obtained by SVIS had high correlations with seedling emergence in sand substrate (Table 6 ). The saturated salt accelerated aging with NaCl 41 °C for 72 hours or saturated salt accelerated aging with NaCl 41 °C for 96 hours had 0.779 and 0.828, respectively, when we used the two cultivars to analyze the data.
Within a period of 48 hours, the results with NaCl solution had high correlation but did not present similarities with the other vigor tests as we observed (Table 4) , which made them difficult to use. Because the relative humidity was lower in saturated salt accelerated aging test with NaCl (76% RH), longer time is necessary to promote seed deterioration than the traditional accelerated aging at the same temperature (41 °C). For this reason the saturated salt accelerated aging test with NaCl solution for 72 and 96 hours showed good correlations and similarities with the other tests. The advantage to use the computerized image analysis was to classify the seed lots within only three days, instead of to six days necessary for the traditional accelerated aging test (two days for deterioration treatment + four days for germination test) and to seven and eight days for the saturated salt accelerated aging test with NaCl for 72 and 96 hours.
Since its introduction for seed quality evaluations, seedling image analysis has shown its effectiveness for classifying seed lots from several plants, including maize (Hoffmaster et al., 2005) , soybean ) and sweet corn (Alvarenga et al., 2012) . Nevertheless, according to GomesJunior et al. (2009) , the procedure for evaluating seed vigor with SVIS is simple, and the results for this sample may be obtained within two to three minutes. Other advantages of this analysis system include the overcoming of human error, which increases the reliability of data for comparison among different laboratories, the possibility of storing images for further analysis and the low cost of management.
The results from the six-month storage period (data not shown) restated the results from the previous two months. Importantly, the seed lots generally had a physiological potential lower than that previously determined for both cultivars under both environment conditions (A 1 and A 2 ).
Conclusions
The tetrazolium test is the most advisable method for evaluating soybean seed quality during storage. The results of the saturated salt accelerated aging test with NaCl at 41 °C for 72 or 96 hours and the SVIS evaluation are also both efficient for estimating the physiological potential of seeds. The use of SVIS decreased the evaluation period for seed quality compared to the time required for the accelerated aging test with water or saturated NaCl solution.
